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Objrcfiw. This study was dtaipnrd to - rhetker the 
transnitml Row velocity pattern provides M esilmaffon of letl 
slrisl prewrr irrespective of the preebce ti left wntricular 
systolic dysfunction and, if not, to clarffy !he nxcbsnism. 
Ba:kground. The pulsed Dopplw WatipPI Row velaity 
pattern, partlctdarly peak early died& IWing velotily, hss been 
lomr to change in parallel with left ntrkal pa-awe. However, 
exkemely elevated tefi atrial pressure in sswciation with hurl 
W!we dce not ncceaarily cause aa increase in peak early 
diastolic tilling velocity in patients. 
Mefhods. L.4 atria1 pressure was elevated with iatravenous 
&w ink&on in II dogs (normal IeN ventricular function group) 
and hemodynamic, tranwophageal Doppltr echocardiographic 
and M-mode whwrdiopraphic variabfes were recorded at three 
dillrrent loading levels. In anothr 12 dogs, ktl atrial pwmure 
was elevated by production of kit vmttrimlar systolic dySow- 
tion with the stew&e ink&n Op microsoltwa into the l&t 
forenary artery (lift vrntri&ar dystuactlan gmupj and the same 
set of recordings was obtained QS three diierent levcfs of dyr. 
runctkm. 
Results. Peak early diastallc billy vebrlty increawd nitIt kh 
atria1 PrPssure in the normal left veatrfculsr function group and 
emetskd with LEEI left atrial ~~essssyre II = 0.61, D < 0.01) and 
not i.crease with lrtl at&l pmasurc in the lefi ventricular 
djsfuadlon group and did not currelde nilk mean kfl ahkd 
prEEsure (r = -P.O5) or the Eressewr pressare (r = 0.06). Peak 
early dhxtolic filling velocity convkded well wilb the dllfeereace 
belwetn the EIYSWJE~ IXESSYR and Ml vmtricular mkdnal 
pressure In the t@Sl veatrtcal~r dysfanctiw greap (r = 0.64, p < 
0.011. In contra1 to aeak early diastolic lilllna vdaitv. &c&r- 
The pulsed Doppler traasmitml tlow vclocily paltern in 
patients wirh diastolic dysfunction usually shows decreased 
peak early diastolic filling velocity, slowed deceleration of 
the early diastolic filling wave and increased peak filling 
velocity at atria1 contraction (l-7). The characteristic abnor- 
mal pattern can he normalized in association with concom- 
itant congestive heart failure. Observations in such patients 
include increased peak early diastolic lilliq velociiy. fast 
decelerarion of the early diastolic filling wave and decreased 
peak filling velocity at awlal eontraction (4.52.). The is- 
creased peak early diastolic filling velocity in such patients 
has heen considered to imply the elevation of left atrial 
pressure, because several groups (9-15) have shown that 
peak early diastolic filling velocity correlates with left &al 
pressure. However, although left atrial pressure might be 
extremely high in such patients. higher than normal peak 
carlv diastolic tilline velocitv is tlot necesaarilv observed 
(4,8i. These findingssuggest ihat peak early diadtoic~ filling 
velocity does not simply change in parallel with teft atriat 
pressure in patients with left ventricular dysfunction and that 
the estimation of left atrial pressure from the transmitml flow 
velocity pattern is misleading. 
This study was designed to assess whether trammitral 
flow I Locity pattern provides the estimation of left atrial 
pressure irrespective of the presence of left ventricular 
systolic dysimction and, if not, to clarify the mechanism. 
Methods 
Animal preparatioil and data collection. This study can- 
forms to the guiding principles of Or&a Univerany School 
of Medicine wirh regard to animal tax and io the -‘Position 
of the American Heart Association on Research Animal 
Use.” Twenty-three mongrel dogs (i2 to 35 kg) were sedates 
with morphine sulfale (3 mglkg body weight subcutaneously) 
30 ruin before induction of general anesrhesia with alpha- 
chloralose (50 mglkg intravenouslyI. After the induction oi 
gewal auesthesm. mfravenous infusion of alpha-chloralose 
(30 mglkg per h) was continued until the end of the esperi- 
mcnr. Each dog was inrubated and artifxiully ventilated in 
the supine posirion with a Harvard type respirator (R-60. 
Aika. Japan) utilizing room air. A central rhoracotomy was 
performed. and t.x pericardium only around the right atrium 
was incised. The right atrial appendage was paced to keep 
heart rate constant throughout the experimental protocol 
after crushing of the sinus node. Ths pacing rate was 
adjusted to be higher than an idioventricutnr rate. An SF high 
fidelity manometer-tipped catheter (Sentron. Roden. Neth- 
erlands) was introduced into the left ventricle through the 
left carotid artery. A 6F high fidelity manometer-tipped 
catheter (Millar Instruments) was introduced into the !cft 
atrium thmugh the left pulmonary vein. The manometers 
were calibrated relative to atmospheric pressure before 
introduction ufthe catheters into the cardiac chambers. A 7F 
flow-directed pulmonary artery catheter (Gould) with a 
fluid-filled lumen was connected to a fluid-filled pressure 
transducer (model TP-4OOT, Nihon Kohdeu) positioned at 
the midthoracic level and was advanced into the right 
ventricle through the right jugular vein. Continuous leacitl 
electrocardiographic (ECG) tracing. left atrial and left van- 
tricular pressures, right ventricular pressure and first deriv- 
ative of left ventricular pressure (dPldt) were displayed on 
the eight-cbruutel recorder rNihon Kohden) and ail record- 
ings were made at a paper speed of 100 mm/s. 
A comtuercially avai!able echocardiograph (SSH-b5A. 
Toshiba) was used to record the pulsed Doppler transmitral 
flow velocity pattern and M-mode echocardiograms of the 
left atrial and left ventricular cavities. These were recorded 
simultaneously with high fidelity left atrial and left ventric- 
ular pressure signals transmitted from the eight-channel 
recorder. 
The nulsed Dormler transmitral Row vtloeitv eattern was 
obtained by using~transesophageal two-dimen&tal phased 
array echocardiographic 3.75-MHz transducer with pulsed 
Doppler capabilities (ES&37SR. Machida. Japan). After the 
stable two-dimensional image of mitral valve inflow was 
obtained, the sample volume was placed at the tip of the 
mitral valve leaflets so that the maximal velocity across the 
mitral valve would be measured. 
Two-dimensional targeted M-mode echocardiograms of 
the left atriar and left ventricular cavities wrrr obtained with 
a S-MHz transducer on the surface of the heart. To obtain 
an M-mode echocjcaidiqrtirn of the left atrium. the trans- 
ducer ~a3 placed near the outflow tract of the right ventricle 
50 that a two-dimensional view similar to the pamsternal 
long-axis view wasobtained. The transducer orientation WE 
adjusted IO make the ultrasound beam transect the aorta 
and the aorhc valve and to obtain an adequate recording 
for the measurements of anteroposterior left atrial diameter. 
An M-mode echocardiogram of the left ven!ticle was ob- 
rained at the midpapillary muscle tevel. Pressures were 
monitored with and without the transducer placed on the 
t.eart to ensure no or minimal influence of the transducer 
manipulation on the measurements. All Doppler and 
M-mode echacardiographic recordings were made at a paper 
rpeed of 100 mm/s using a strip chart recorder (LSR-206. 
Toshibal. 
Before each recording. the manometric left ventricular 
prcssurc was aligned with the pressure nxasurcd by its 
flmd-filled lumen connected to a TP-4fKtT transducer posi- 
tioned at the midthoracic level. and the difference between 
manometric IeFt atrial and left ventricular pressures during 
mid-diastole of long diastolic cycles was recorded. All mea- 
surements were made during the end-expiratory portion of 
the resptratory cycle. 
Experimental protocol. The dogs were assigned to either 
a normal left ventricular function or a left ventricular dys- 
function group. The former group consisted of 1 Idogs (13 to 
35 kg). and the latter group consisted of the other I2 dogs (12 
to 35 kg). 
Pr&xid nrrp~~~enh~rbtt (normal lefl vesrricrrh frmction 
gmrrp). Fir% puIsed Duppler transmitml Row velocity 
patrern. M-mode echocardiograms of the left atrium and 
left ventricle. high iidelity left atria1 and left venrricular 
pressures. left ventricular dP/dt and right veniricular prcs- 
sure at the control study were recorded. Saline solution 
was then intravenously infused, and the same se: of record- 
i,.gs was obratned at two different stabie IeveIs in each dog, 
that is. at left ventricular end-diastolic pressures of 12 to 
Ii mm Hg (moderate pre!oad augmentation) and of 
t 18 mm Hg tadvauced preload augmentation). The record- 
ings were obtained IO to IS min after a stable state was 
obtained. 
Prodwrion of kf rentricalar sysrolic dysfiorcrion (lef 
~ertrrir~rlor dysJimcrion grorrp). After control Doppler 
echocardiographic. M-mode echocardiographic and hemo- 
dynamic recordings were obtained. a SF Judkins left coro- 
nary catheter (Schneider Inc.) was introduced through an 
anerial sheath (Terumo, Japan) into the right femoral artery 
and advanced into the left coronary ostium under echocar- 
diographic guidance. A bolus injection of a small amount of 
hand-agitated saline solution into the left coronary artery 
was used to verify homogeneous staining of the left ventric- 
ular wall with a contrast echocardiogram. Then plastic 
microspheres (50 + 2 pm in dixreter. 3M) were injected inro 
the left coronary artery to inr~uce acute ischemic left yen- 
tricular dysfunction according to previous methods (16.17). 
The microspheres were continuously agitated in a saline 
solution suspension and injecfed every 5 to 10 min as a botus 
injection of 5 ml (24,OMt microsphareslml). A sequence of 
injections was made to fir% produce mild left ventricular 
dysfunction (let? ventricular end-diastolic pressure I2 to 
17 mm Hg) and then severe left ventricular dysfunction (leti 
venlricular end-diastolic pressure ~18 mm Hgl. After IO to 
IS mitt of a stable state, the same recordings obtained in the 
control study were performed at the stays of mild and 
severe left ventricular dysfunction, respectively. 
Data analysis. A personal computer system (NEC) was 
used lo digitize pressure tracings and the pulsed Doppler 
transmitral flow velocity pattern. The transmitral Row veloc- 
ity pattern was traced along the darkest portion of the 
velocities to obtain peak early diastolic tilling velocity and 
peak filling velocity at atrial contraction, mean acceleration 
and deceleration rates of the early diastolic tilhng wave. 
acceleration and deceleration times of the early diastolic 
filling wave and time-velocity integrals of the early diastolic 
tilling wave and the fitting wave at atrial contraction. Accel- 
eration and deceleration times of the early diastolic filling 
wave were defined as twice the intervals between the point 
at peak velocitv and that at half of the ueak velocitv in the 
a&ration and deceleratton phases: respectively. The 
time-velocity integrals of the early diastolic filling wave and 
the tilling wave at atrial contraction were the areas under the 
traced transmitral velocity profile during the early diastolic 
filling period and the filling period at &al contraction, 
respectively. When the early diastolic filling wave and the 
filling wave at atrial contractbn overlapped. the integral of 
the early diastolic filling wave was .neasured to the onset of 
the filling wave at atrial contraction, and the residual area 
was measured as the integral of the filling wave at atria! 
contraction, 
Simultaneous tracings of high fidelity left atrial and left 
ventricular pressures were digitized for measuremems of 
mean left atrial pressure, left atrial to left ventricular cross- 
over pressure (the first early diastolic crossover point of left 
atria1 and left ventricular pressures), peak instantaneous 
difference between left atria1 and left ventricular pressures in 
early diastole, left ventricular minimal pressure in early 
diastole, left ventricular end-diastolic pressure and left ven- 
tricular systolic pressure. Right ventricular pressure was 
traced to obtain right ventricular end-diastolic pressure. The 
difference between left atrial and left ventricular pressures 
during mid-diastole of long diastolic cycles was subtracted 
from the recorded left atria! pressure IO adjust left atria! and 
left ventricular pressures to a common baseline when these 
two pressures were. reconstructed on the computer system IO 
calculate mean left atrial pressure. the crossover pressure 
and peak instantaneous difference between left atria1 and left 
ventricular pressures in eady diastole. Left and right ven- 
tricular end-diastolic pressures were defined as left ventric- 
ular and right ventricular pressures at the R wave on the 
ECG. Left ventricular systolic pressure was defined as 
maximal left ventricular pressure. Left ventricular isovolu- 
metric relaxation was assessed with use of the least squares 
method, using Pressure points from the time of peak negative 
dP/dt until 5 mm Hg above !eft ventricnlar end-diastolic 
pressnic on the basis of a model of exponential decay with 
variable asymptote: P(t) = Pnexp(-UT,) + Pa, where P(t) is 
left ventricular pressure, I is lime and P,, T, and Pa are 
constants determined by the data. To was computed from 
this formula as a time constant of the decrease in isovolu- 
metric pressure (18,lY). Although the decrease in isovolu- 
metric pressure is not exactly exponential (20). the time 
constant derived from the exponential approximation pro- 
vides an index of the rate of left ventricular relaxation t2I). 
Left atrial diameter at mitral valve opening was measured 
at the crossover pressure. Left atrial diameter just before 
atria1 contraction was measured at the onset of the A wave of 
left atrial pressure. Left ventricular end-diastolic diameter 
was measured at the R wave on the EGG. Lefl ventricular 
end-systolic diameter was measured at the peak downward 
motion of the interventricular septum. Average values of 
three consecutive cardiac cycles were used for the quantita- 
tive analysis. 
Statistical analysis. Values are expressed as mean value 
* SD. The statistical significance ofthe difference in the data 
among different conditions in a group or between the two 
groups was tested with an analysis of variance (ANOVA) 
and ScheC F test. Bivariate correlations between Doppler 
echocardiographic and hemodyttamic variables were per- 
formed with simple least-squares linear regression analysis. 
Multiple linear regression analysis was performed IO idrntify 
the responsibility of the crossover pressure- and the time 
constant or that of the crossover pressure and left ventricu- 
lar minimal pressure for the determination of peak early 
diastclic filling velocity. Specifically, we entered peak early 
diasto!ic filling velocity as the dependent variable into a 
multiple regression with the crossover pressure and the time 
constant or the crossover pressure and left ventricular 
minimal pressure as independent variables. To examine 
whether the associated regression coefhcient was signifi- 
cantly different from zero and whether it contributed signif. 
icantly to the multiple regression, the t value ofeach varii;lie 
was calculated as I = the associated regression coefficient of 
each variable/the standard error of the coefficient. Results 
were considered significant at a probability value < U.US. 
All calculations were performed with the STATVIEW I1 
(Abacus Inc.) statistical program. 
Results 
There was no significant difference in body weight (21 2 
7 kg in the normal left ventricular function group and 23 + 
7 kg in the left ventricular dysfunction group) or control 
Doppler eehocardiographic, M-mode echocardiographic and 
hemodynamic variables between the two groups (Tables 1 
and 2). 
Effects of elevated IeB atrial pressure- during p&ad 
augmentatltm in hearts with normal left venlricuhu function 
(Table 1). In the group with normal function. as mean left 
atriai pressure and left atrial to left ventricular crossover 
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pressure increased during volume infusion. peak early dia- 
stolic lilting velocity. peak filling velocity at atrial contrac- 
tion and the time-velocity integral of the early diastolic filling 
wave increased and deceleration time of the early diastolic 
tilling wave shortened (Fig. I). Left atrial and left ventricular 
diameters, left ventncular minimal pressure and right vsn- 
uicular end-diastolic pressure also increased with left atrial 
pressure. The time constant of left ventricular pressure was 
slightly, although statistically significantly. prolonged as left 
atrial pressure increased. The difference between the cross- 
over pressure and left ventricular minimal pressure and peak 
instantaneous difference between left atrial and left ventric- 
ular pressures in early diastole increased with left atrial 
pressure. 
Elects of elevated MI abial pressure during the pmd~tion 
of left ventricular systcdic dysfunction (Table 2). In the group 
with ventricular dysfunction. peak positive and negative 
dP/dt decreased and the tinxe ccnsiant was prolonged with 
the depreGon of left ventricular function. The increase in 
mean left alrial pressure and the CTOLSOVIT pressure accom- 
panied by the production of left ventricular systolic dysfunc- 
tion in this group was comparable to that accompanied by 
preload augmentation in the normal left ventricular function 
group. Nevertheless. neither peak early diastolic filling ve- 
locity nor peak filling velocity at atrial contraction increased 
in this group IFig. 2). Deceleration time of the early diastolic 
filling wave shortened with an increment in left anial pres- 
sure during the producrion of left ventricutar systolic dys- 
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function. Left aerial and left ventricular diameters, left 
ventricular minimal pressure, right ventricular end-diastolic 
pressure and the time constant increased with the increase in 
left atrial pressure as a result of left ventricular systolic 
dysfunction. The difference between !he crossover pressure 
and left ventricular minimal pressure or peak instantaneous 
difference between left atrial and left ventricular pressures in 
early diastole did not change with the increase in left atrial 
pressure due to left ventricular systolic dysfunction. 
II is noted that the increases in left ventricular minimal 
pressure and left ventricular end-systolic diameter associ- 
ated with the increase in left atrial pressure were greater and 
the increase in right ventricular end-diastolic pressure was 
smaller in this group than in the normal left ventricular 
function gKUp. 
Correlations between hemodynamic and Doppler echoear- 
diographic measwemenis. In pooled data taken from all 33 
experimental stages in the II dogs from the normal left 
ventricular function group, peak early diastolic filling veloc- 
ity correlated with mean left atrial pressure (r = 0.61, p < 
0,Ol) and the crossover pressure (r = 0.79. p < 0.01 1 Fig. 3). 
Better. although not significmn, correlation was observed 
between peak early diastolic filling velocity and the differ- 
ence between the crossover pressure and left ventricular 
minimal pressure (r = 0.85, p < 0.01). Multiple linear 
rearession analvsis of the crossover messme and the ttme 
c&ant yielded a high correlation wi?h peak early diastolic 
filling velocity (r = 0.84. p < 0.01). and the calculation ofthe 
I value indicated that the crossover pressure and the time 
constant added significantly to the relation (the crossover 
pressure t = 6.543. p = 0.0001: the time constant t = -3.743. 
p = O.ooO8). Multiple linear regression analysis of the 
crossover pressure and left ventricular minimat pressure also 
yielded a high correlation with peak early diastolic filling 
velocity (r = 0.86, p < O.Ol), and the calculation of the I 
value indicated that the crossover pressure and left ventric- 
ular minimal pressure added significantly to the relation (the 
crossover messme I = 8.5%. D = 0.0001: left ventricular 
minimal pressure f = -4.522, p = O.ooOl). Deceleration time 
of the early diastolic tilling wave correlated with mean left 
atrial pressure (r = -0.55, p-c 0.011, the crossover pressure 
(I = -0.65, p < 0.01) and the difference between the 
crossover pressure and left ventricular minimal pressure (I = 
-0.56, jl < 0.01~. 
In nooled data taken from all 36 exuerimental stases in 
the 12’dogs from the left ventticular dysfuncticn groupypeak 
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LV dysfinctiwt 
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Figure 1. Normal left ventricular function nmue. Enamok of umul- 
t&us recording of Innsmitral Row vel&ty ‘&tcrn.blgh tidchry 
left alrial (LAPI and lefi ventricular tLVPI arcssurcs and CICCIID- 
cardiogram lECGl during preload augmentation. Left at&d and IcR 
ventricular pressures were traced and superimposed on each other 
with left atrial pressure shifted for the ditkence between left auul 
and kit vwtriollsr pressures during middlastole of long diamle 
cycles as shown blow the original recordings. In this case. peak 
early diastolic filling velocity (E) increased with IeR atrial to left 
ventricular cr~s~~~er pressure IXP). A = peak late diastolic Fdl~ng 
velocity. 
early diastolic lilling vclucity did not currelare with mean left 
alrial pressure rr = -0.05) or the crosscwr pressure (r = 
0.06, Fig. 4). Significant improvement in the correlation was 
Qirineii if peak early diastolic filling velocity war compared 
with the difference between the crossover pressure and left 
venuicular minimal prersure (I = 0.61. p _; 0.011. Multiple 
linear regression analysis of the crosso~cr pressure and the 
time constant yielded RO improvemca in the correlatian 
with peak early diastolic tillmg velocity0 = 0.37). Howevcx. 
the analysis of the crwovcr pressure and leh ventricular 
minimal pressure yielded a signiftcant improvement in the 
correlatton with peak early diastolic filling vslociiv tr = 0.59, 
p < O.Oi), and thr calculation of I wlue indicated that the
crowwer pressure and left ventricular minimal prerrure 
added significantly to the relation tthe cro~s~yer pressure I = 
4.945. D = O.OftOI: left ventricular minimal tlreswre f = 
-5.452: p = O.M’QIl. Deceleration time oftbe ;arly diastobc 
filling wave correlated inrith mean left atrial pressure lr = 
-0.53, o < 0.01) and the cro\sover orassuro ,a this group 
(r = -0.56, p < 0.01); however, it did not correlate with the 
ditfercnce between the crossover pressure an3 left vemric- 
ular minimal pressure (r = 0. IS). 
ormmg - - 
LAgwe 2. Len venlnutar (LVl dybfunciion araup. Exwqte of 
stmalt8neous recording of vansmitral Row velocity pattern. hi@ 
tidelity left atrial (LAP) and left ventricular (LVP) prewrss and 
clcctrocardiwiam IECG) during !he production of letl vennicuiar 
rysIolic dysfunction. Len ventricular pressure and shitted ten atrial 
prejsurc arc \huwn below the original recordings. In this care. peak 
early diastolic tilling velocity (Et did not increase despite the 
consistent increase inleft atrial 10 tenveatricuiarcrossoverpressare 
IXP). Abbrewatlona as in Figure I. 
In pooleddata taken from 69expwimentat stagsinthe23 
dogs from the twogroups. peak early diastolic filling velocity 
did noi correlale with mean left atrial pressure (r = 0.19) or 
correlntd poorly with the ~rosswer pressure (c = 0.35. p < 
0 051 Significantly better correlarion WUR$ observed haween 
pcnk early diastolic filling velocity and the difference be 
tween the crossover pressure and left ventricular minimal 
pressure (r = 0.81. p < 0.01. Fig. 5). Deceleration time 
correlated with mean left alrial prcssttre tr = -0.54, p < 
O.Otj and the croaaover pressure (r = -0.59, p c 0.01. Fig. 
5): howcvcr. it did not correlate with the diffcrcncc bctwecn 
the CTVLSWC~ prrsbwe and icft ventriculxminimal P~CWKC 
(r = -“.14,. 
Uiscussion 
In tnis st ldy. we examine: whether preload dcpcndcncy 
of the palsed Doppler transmitral Row velocity pattern is 
altered lfpretoad changes in association with left ventricular 
systolrs dysfunction. Peak early diastolic tilling velocity 
incre,ued with left atrial prersure. and a significant correla- 
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tion between peak early diastolic filling velocity and mean 
left atrial pressure or the crossover pressure was observed if 
left atria1 pressure was manipulated wit!] volume infusion. In 
contrast, peak early diastolic filling vekxity did not increase 
with left atria1 pressure. and the correlation between peak 
early diastolic filling velocity and mean left atria1 pressure or 
the crossover pressure was poor if left atrial pressure was 
increased by producing left ventricular systolic dysfunction. 
Improvement in the correlation coefficient was obtained if 
peak early diastolic tilling velocity was compared with the 
difference between the crossover pressure and left ventric- 
ular minimal pressure. As left atrial pressure increased, 
deceleration time of the early diastolic filling wave shonened 
independently of the cause of the elevation of left atrial 
pressure. 
Early diastolic filling and Mt ventricular minimal pressure. 
Peak early diastolic filling velocity correlated with mean left 
atrial pressure and the crossover pressure if left atrial 
pressure was altered by volume infusion in normal hearts. 
This finding is consistent with those of the previous studies 
(9-15) in which preload was altered without changes in left 
ventricular function. In contrast to the results in normal 
Figure 3. Normal left ventricular 
iunction group. Peak early diastolic 
filling velocity (Et was compared 
with the crossover pressure (XP) (left 
pane!) and the difference between the 
crossover pressure and left ventricu- 
larminimal presrure (XP - LV minP) 
(right panel) in this group. in which 
left atrial pressure was altered by 
volume infusion. There were good 
correlations between peak early dia. 
stolic tillins velocity and the cross. 
over pres&re and between peak 
early diastolic filling velocity and the 
di&rence between the crossover 
pressure and left ventricular minimal 
prcssttre. 
hearts, peak early diastolic fdling velocity did not correlate 
with mean left atrial pressure or the crossover pressure if 
left atrial pressure was increased by the production of left 
ventricular syslolic dysfunction. These results suggest that 
preload dependency of peak early diastolic filling velocity is 
noi maintained if preload changes in association with left 
ventricular systolic dysfunction. 
Now questions arise regarding why peak early diastolic 
filling velocity did not correlate with left atrial pressure when 
lefi atria1 pressure was elevated by the production of left 
ventricular systolic dysfunction. Chcong et al. (9) showed 
that left atrial V wave pressure and the iime constant are the 
major variables in determining peak early diastolic filling 
velocity in normal hrarts. Because the time constant was 
prolonged with the increase in the crossover pressure in the 
lefi ventricular dysfunction group. one might think that the 
correlation would be improved if the time constant were 
taken into account. However, multiple linear regression 
analysis of the crossover pressure and the time constant 
yielded no improvement in correlation with peak early 
diastolic filling vetocity tr = 0.37). Thus, the lack of corre- 
lation between peak early diastolic filling velocity and the 
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Fi#tre 4. Left ventricular dy&tc- 
tian group. Peak early diastolic filling 
velocity (El was compared with the 
crossover pressure (XP) IkR s~4) 
and the difference between the cross- 
over pressure and left ventricutar 
minimal pressure (XP - LV minP) 
(rigbi ~-anel) in this group. in which 
left strial pressure was altered by the 
production of left ventricular systolic 
dysfunction. There was no significant 
correlatton between peak early dia- 
stolic filling velocity and the cross- 
dver Pressure. However, improve- 
ment in the correlation was observed 
when peak early diastolic filling ve- 
locity was compared with the differ- 
ence between the cnx.sover pressure 
and left ventricnlarminimal pressure. 
Figure 5. Combined groups. Peak early di- 
astolic filling velocity (El was compared 
with the crossover pressure IXP) lleh upper 
panel) and the difference between the cross- 
over pressure and left ventricular minimal 
pressures (XP - LV mint? (right upper 
panel) from the pwled data of both groups. 
There was a weak correlation between peak 
early diastolic tilling velocity and the cross- 
over pressure; a significantly better co~~cla. 
lion wss observed wbro peak car!y diastolic 
filling velocily was compared with the dlf- 
ference between the crossover pressure and 
left vent+dar minimal pressure. ~celera- 
lion time of the early diastolic filling wave 
was also compared with the crossover pres- 
sure from the pooled data of both groups 
(left lower panel) and a significant correlc 
tion was observsd. 
crossover pressure during the production of left vrmricular 
systolic dysfunction cannot be esplained only by the contri- 
bution of the prolongation of the time constant. 
The concomitant incrcasc in left ventricular minimal 
pressure due to left ventricular systolic dysfunction was a 
most likely explanation for the lack of correlation between 
the crossover pressure and peak early dinstolic filling veloc- 
ity because the improvement in the correlation coefficient 
was observed if peak early diastolic filling velocity was 
compared with the difference between the crossover pres- 
sure and left ventricular minimal pressure (Fig. 4). The good 
correlation between peak early diastolic filling velocity and 
the difference between the crossovc: pressure and left 
ventricular minimal pressure during the pmduction of IefI 
ventricular systolic dysfunction may not only imply that 
peak early diastolic filling rclocity is determined by left ntrial 
to left ventricular pressure gradient in early diastole. The 
good correlation may also imply that left ventricular minimal 
pressure is an important determinant of left atria1 to left 
ventricular pressure gradient in early diastolc and is one of 
the most important contributors to the changes in peak early 
diastolic filling velocity. This may be panicularly true when 
the elevation of left atrial pressure is due to left ventricular 
systolic dysfunction because the increase in left ventricular 
minimal pressure was considered to cancel out the effects of 
elevated I& atrial pressure and to reduce left atrial to left 
venlticular pressure gradient in early diasrol:. The good 
correlation between peak early diastolic titling velocity and 
the crossover pressure during volume infusion may he 
because the associated elevation of left ventricular minimal 
pressure was small and negligible. 
Determinants of IeR vefllricular mi&naf pressme. Left 
ventricular minimal pressure is mainly affected by left ven- 
tricular elasttc recoil (left ventricular suctionl. extracardiac 
constraining force and left venlticular relaxerion (21-23). In 
particular, let1 ventricular elastic recoil may be a most 
important determinant of left ventricular minimal pressure in 
failing hearts with left ventricular systolic dysfunction be- 
cause left ventricular elastic recoil is laraelv affected by left 
ventricular systolic function. At end-&stole, the my&ar- 
dium is compressed to the length below its equilibrium 
length and left ventricular end-systolic volume is smaller 
than the equilibrium volume. This compression of myocar- 
dium stores elastic energy and the stored energy causes left 
ventricular elastic recoil. Therefore. the smaller difference 
bctwcen left ventricular end-systolic volume and the equi- 
librium volume is associated with the smaller recoil force. in 
the presence of left ventricular systolic dysfunction, left 
ventrirular end-systolic volume increases aad the difference 
bctwcen left ventricular end-systolic volume and the equi- 
ltbrittm volume decreases. resulting in decreased restoring 
force and hence decreased left ventricular elastic recoil. The 
decreased elastic recoil works toward an increase in left 
vcniricular minimal pressure (23). In this study. the increase 
in left ventricular end-systolic diameter was larger in ihe 
group with abnormal than in the group with nomttal left 
ventricular function, although the increases in left ventricu- 
lar end-diastolic diameter were similar in the two groups. 
Further. left ventricular minimal pressure positively corre- 
lated with left ventricular end-systolic diameter in the left 
ventricular dysfunction group (r = 0.72, p < 0.01). There- 
fore. the increase in left ventricular minimal pressure asso- 
&ted with the production of left ventricular systolic dys- 
function may be largely due to poor left ventricular 
contractihty and a consequent decrease in left venlr~cular 
elastic recoil. 
It is well known that an increase in extracardiac con- 
straining force shifts the left ventricular diastolic pressure- 
volume curve upward (24). Therefore, the increase in extra- 
cardiac constraining force is another possible factor of 
elevating left ventricular minimal pressure, which is the most 
likely cause of the lack of correlation between the cressover 
pressure and peak early diastolic filling velocity. To clarify 
the contribution of the extracardiac constraining force in this 
study, the changes in left ventricular minimal pressure were 
compared with those in right ventricular end-diastolic pres- 
sure because the latter pressure reflects extracardiac con- 
straining force (25.26). During volume infusion, the mean 
increase in left ventricular minimal pressure was 5 mm Hg, 
and the mean increase in right ventricular end.diastolic 
pressure was 10 mm Hg. During the prodociior of left 
ventricular systolic dysfunction, the mean increase in left 
ventricular minimal messme was 9 mm Hg, and the rncan 
increase in right ventricular end-diastolic pressure was 
5 mm Hg. The increase in left ventricular minimal pressure 
was larger and the increase in right ventricular end-diastolic 
pressure was smaller during the production of left ventricu- 
lar systolic dysfunction than during volume infusion. These 
results imply that the contribution ofextracardiac constrain- 
ing force to the increase in left ventricular minimal pressure 
should be much smaller during the production of left ven- 
tricular systolic dysfunction than during volume infusion. 
Thus, the increase in extracardiac constraining force is 
unlikely to be responsible far the increase in left ventricular 
minimal pressure and the poor correlation between peak 
early diastolic filling velocity and the crossover pressure 
during the production of left ventricular systolic dysfnnc- 
tion. 
Lefr venrricular reluxofion also affects left ventricular 
minimal pressure (21). If the impairment of left ventricular 
relaxation were responsible for the increase in left ventricu- 
lar minimal pressure and for the poor correlation between 
peak early diastolic filling velocity and the crossover pres- 
sure during the production of left veotricular systolic dys 
function, the consideration of the time constant should 
improve the correlation between the crossover pressure and 
peak early diastolic filling velocity. However, multiple linear 
regressi~rr analysis of the crossover pressure and the time 
constant yielded a poor correlation with peak early diastolic 
filling velocity, although the analysis of the crossover prea- 
sure and left ventricular minimal pressure yielded a signifi- 
cant correlation with peak early diastolic filling velocity in 
the left ventricular dysfunction group in this study. In 
wnlrast, the consideration of the time constant improved 
the correlation between the crossover pressure and peak 
early diastolic filling velocity (in the group with normal left 
ventricular function). Thus, although these results cannot 
deny that the impairment of left ventricular relaxation might 
partially contribute to the increase in left ventricular minimal 
pressure, increased left ventricular minimal pressure respon- 
sible for the poor correlation between the cmssover pressure 
and peak early diastolic filling velocity during the production 
of left ventricular syslolic dysfunction cannot be attributed 
solely to the effect of left ventricular relaxation on left 
ventricular minimal pressure in this study. 
Deceleration time of the early diastolic filling wave. Decel- 
eration time of the early diastolic filling wave shortened as 
Ieft atrial pressure increased. Deceleration time correlated 
with mean left atria1 pressure and with the crossover pres- 
sure in both groups in this study. Furthermore, the correla- 
tion between deceleration time and mean left atria1 pressure 
or the crossover pressure was significant, although not as 
good, in pooled data from the two groups. In contrast to 
peak early diastolic filling velocity, deceleration time did not 
correlate with the difference between the crossover pressure 
and left ventricular minimal pressure in the left ventricular 
dysfunction group. A previous clinical report (4) showed that 
deceleration time is shorter in patients with cardiomyopathy 
and elevated crossover pressure than in normal subjects 
although peak early diastolic filling velocity was not different 
between patients and normal subjects. These findings sng- 
gest that preload dependency of deceleration time is less 
affected by the caose of preload alteration than is that of 
peak early diastolic filling velocity. 
The correlation between deceleration time and left atrial 
pressure was not good in this study. The Stanford investi- 
gators (4,8,22) showed that a large and steep left ventricular 
rapid filling wave is largely responsible for the shortening of 
deceleration time. As noted in Figure 2, there is a steeper 
increase in early diastolic left ventricular pressnre after left 
ventricular minimal pressure consistent with foas of left 
ventricular compliance. This is more prominent in severe 
than in mild left ventricular dysfunction and during preload 
augmentation without left ventricutar ischemic dysfunc- 
tion. The rapid increase in early diastolic left ventricular 
pressure causes more rapid equilibration between left atrial 
and left ventricular pressures and accounts for the rapid 
decline in deceleration time. Thus, the modest correlation 
between deceleration time and left atria1 pressure may he 
explained by the contribution of left ventricular compliance 
as shown in the configuration of the teR ventricular rapid 
Ming wave. 
Study limitations. Our study has several limitations. 
I) Left ventricular dysfunction was produced by an injection 
of microspheres into the left coronary artery in this study 
(16,17). Although this model demonstrated global systolic 
and diastolic dysfunction, ir did not completely raflect hn- 
man cardiomyopathy. However, the observed changes in the 
traosmitral flow velocity pattern were analogous to those 
observed in clinical practice, and the relation between 
Doppter echocardiographic and hemodynamic variables was 
discussed in this study. Thus, errors in relating the results of 
this study to clinical practice may be small. 
2) Acute alteration in loading condition or Left ventricular 
function was produced in this study. In palicnls Y. ith chrcnic 
heart failure, chronic adaptation may occur and thi5 adapta- 
tion cannot be produced in the acw left ventricular dys- 
function model of this experiment. Thus. further examina- 
tions may be needed to take account of chronic adaptation. 
3) A progression of mitral regur&tion and an enlarge- 
ment of mitral anulus area may have been associated wirh 
the intervention in this study, and such changes can affect 
the results of this study. However, the Doppler color Aowjet 
area of mitral regurgitation was small. and a giant V wave OF 
left ahial pressure was not observed throughout our enper- 
iment. Thus. changes in mitral regurgitation and mitral 
anulus area are unlikely to affect the conclusions of this 
study. 
Clinical implications. The results of this study show that 
a concomitant increase in left ventricular minimal pressure 
due to left ventricular systolic dysfunction is responsible for 
the impairment of left veowicular diastolic filling. Thus. low 
peak early diastolic fdling velocity may be observed in 
patients with elevated left atrial and left ventricular minimal 
pressures, and the transmitral Row velocity pattern should 
not provide an esljmslion of left atrial pressure in such 
patients. These results suggest that a reduction of left 
ventricular minimal pressure associated wnh medical ther- 
apy may play an important role in recovering left ventricular 
diastolic fdling and hence stroke volume in parients with 
heart failure. For example. an increase in stroke volume 
produced by adminisrration of vawdilators or arteriodilators 
in patients with heart failure may be al least partially 
explained by an associated decrease in left ventricular 
minimal pressure. This is because even a small decrease in 
aflerload may decrease left ventricular end-systolic volume. 
increase elastic recoil. decrease left ventricular minimal 
pressure and improve left ventricular diastolic filling, partic- 
ularly in failing hearts with a low lef! vpntricularend-systolic 
elastance (a slope of left ventricular end-systolic pressure- 
v&me relation). Thus. strategies of decreasing left ventriz- 
uhr minimal pressure may be effective in improvin! left 
ventricular diastolic filling and stroke volume in patients 
whh hean failure. 
Much attention has been paid to peak early diastolic 
fiiling velocity in assessing left ventricular diastolic function 
and loading conditions from the transmittal flow velocity 
pattern. This study showed that the decelcrarion time of the 
early diastolic filling wave correlates with left atrial pressure 
rather than IelI atrial ID left ventricular pressure gradient 
both in normal and failing hearts, although peak early 
diastolic filling vetocity correlates with left atrial lo left 
ventricular pressure gradient rather than left i trial pressure. 
Clinical observations showed that deceleration time is 
shorter in patients with heart failure and increased left atrial 
pressure than in normal subjects. although peak early dirt- 
stolic ftlline velocitv does not differ between oatients and 
normal s&ects (4j. Thus, although peak ea& diastolic 
filling velocity has been used as an estimate of left atrial 
estimate of left atrial pressure mighr be more accarate if 
deceleration time in addition to peak early diastolic filling 
velocity or isovolumic relaxation time were taken into 
account. In this context, future studies are warranted to 
deveiop a noninvas% means of estimating lefl atrial pres- 
sure by the combination of some of mitral flow-related 
Doppler variables. 
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